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ABSTRACT 
 
One of the main complications in completing a colonoscopy is that the 
colonoscope causes patient pain during the procedure. To reduce patient pain, small-
caliber (SC) colonoscopes have been developed. To evaluate the efficacy of SC 
colonoscopes in reducing patient pain with that of traditional standard colonoscope 
(SDC), several randomized control trials (RCTs) were conducted and showed varying 
results, with some showed benefits whereas others did not. Among these RCTs, patient 
characteristics, including gender, age, and region were varied and further assumed to be 
responsible for the varied results. However, the influence of patient characteristics on the 
efficacy of SC colonoscopes in terms of reducing patient pain is still unclear due to many 
unavoidable disturbing factors in RCTs, including endoscopists’ skills, bowel preparation 
methods, and other new beneficial features of colonoscopes (passive bending and high 
force transmission shaft). Therefore, to explore the influence of gender, age, and region 
of patients on the efficacy of SC colonoscopes in terms of reducing patient pain, a 
numerical model could overcome the limitations of RCTs and provide such insight is 
developed in our work. 
 As a first step, the structural differences of the human colon with respect to 
gender, age, and region were analyzed and summarized, which further functions as the 
basis of the development of colon models and their boundary conditions. As a result, 
three normalized colon segments were selected and modelled, including rectosigmoid 
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junction (RCJ), rectum-splenic flexure (RSF), and transverse-hepatic flexure (THF) 
models. The colonoscope was modelled as a thin and flexible cylinder with a hemisphere 
tip. Three different diameters were applied to colonoscope models, including 9.2mm for 
ultrathin colonoscope (UTC), 11.3mm for pediatric colonoscope (PDC), and 12.8mm for 
standard colonoscope (SDC). UTC and PDC were classified as SC colonoscopes.  
In the stage of insertion simulation, a comparison between implicit and explicit 
finite element solution method was conducted, and then an explicit solver ANSYS-
LSDYNA was selected to simulate the insertion process of colonoscopes in colon 
models. An uni-axial tension test was carried out to provide the experimental data of a 
porcine colon, and then an optimization procedure with the use of ANSYS and Optislang 
programs was performed to provide the necessary parameters of the constitutive material 
model of the colonic tissue. By comparing colon deformation during the insertion 
simulation, patient pain induced by colonoscopes were further predicted. 
The model developed in this research serves as a starting point in understanding 
the efficacy of SC colonoscopes in reducing patient pain considering the effects of patient 
characteristics, including gender, age, and region. This model may also provide scientific 
guidelines for the selection of patient specified colonoscope   
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CHAPTER I   
INTRODUCTION 
 
1.1 Research Background 
1.1.1 Anatomy and Constraints of Colon  
The human colon is held in place by peritoneum, a thin layer of tissue that 
supports the abdominal organs. It mainly consists of rectum plus sigmoid colon, 
descending colon, splenic flexure, transverse colon, hepatic flexure and ascending colon 
plus cecum as shown in Fig. 1- 1 (Blausen.com staff (2014)). 
 
Fig. 1- 1 Human colon anatomy 
The parts of the colon are either intraperitoneal or behind it in the 
retroperitoneum. Retroperitoneal organs in general do not have a complete covering of 
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peritoneum, so they are fixed in location. Intraperitoneal organs are completely 
surrounded by peritoneum and are therefore mobile. As to the colon, the ascending colon, 
descending colon and rectum are retroperitoneal while the transverse colon and sigmoid 
colon are intraperitoneal (American Accreditation HealthCare Commission). Therefore, 
the ascending colon, descending colon and rectum should be considered as fixed at their 
locations while the shape of sigmoid and transverse colon are flexible. 
 
1.1.2 Colonoscopy Procedure and Patient Pain  
A colonoscopy is a sensitive test which has both diagnostic and therapeutic 
functions (Rex DK et al. (2002); Brenner H. et al. (2014)). During the screening 
procedure, a thin and flexible tube called a colonoscope is inserted into the human large 
intestine to view and examine the entire colon, perform a biopsy or remove the 
premalignant polyps (Ferlay J. et al. (2012)). Colonoscopies are very important for 
human health. However, many risks are associated with the procedure, among which 
patient pain is one of the most serious contributing to the failure of a complete 
colonoscopy (Nishihara R. et al. (2012); Keswani, R. et al. (2012); Mitchell, R. et al. 
(2002)).  
 
1.1.3 Technical Affecting Factors on Patient Pain  
Technically, there are two factors which may affect the patient’s pain during the 
procedure, including the skills of the endoscopist and the properties of the colonoscope 
itself.  To improve the performance of the doctor and reduce the patient’s pain, many 
designs focusing on preventing the loop formation which contributes to the excessive 
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stretching of colon wall, have been developed. These include over-tube colonoscope, 
variable stiffness colonoscope, image-guided scopes and self-propelled instruments 
methods. Choi, J., & Drozek, D. (2012) used embedded bending sensors to detect the 
endoscopic looping during the procedure.  As for the influence of the properties of the 
colonoscope on patient’s pain during a colonoscopy, (Loeve, A. et al. (2013)) reported 
that the stretching of the colon wall induced by the scope is the main origin of the patient 
comfort during a colonoscopy. Meanwhile, colon deformation induced by the scope 
consists of two different types: (1) colonoscope tip induced colon deformation. By using 
only straightforward insertion manipulation, the scope tip will eventually contact the 
bend or angulation in the outer curve. Fig. 1- 2 (Loeve, A. et al. (2013)) describes the 
push force distribution (qpush-1) on the colon wall during the interaction between the scope 
tip and the colon. At first stage, bend enlargement is mainly caused by moving the colon. 
The normal force (qpush-1) exerted by the scope tip on the colon wall. At second stage, 
with the further advancement of the scope, the magnitude of (qpush-1) increases. When the 
second bend has no more length to offer, the colon must stretch to enable further 
enlargement of the first bend. At the same time, deformation stresses in the colon wall 
grow due to the increasing stretching of the colon and these stresses begin to equal the 
push force and guide the scope along the bend. In the third stage, the tip has passed 
through the first bend. The stresses in the colon wall and the push forces exerted by the 
scope on the colon wall are now in equilibrium. The bend length of the scope and the 
force required to bend it is constant. The scope follows the bend without further 
stretching the bend. (2) colonoscope shaft induced colon deformation, which occurs due 
to the buckling of the flexible colonoscope shaft. The most common scenarios for this 
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type of patient’s discomfort are that the stretching of the mobile sigmoid and transverse 
colonic tissue by the colonoscope shaft when the scope tip approaches the splenic and 
hepatic flexure respectively (Keswani, R. et al. (2012)). Fig. 1- 3 (Loeve, A. et al. (2013)) 
illustrates the deformation of the sigmoid colon induced by the scope shaft. When trying 
to advance the scope through the splenic flexure, the scope can bend or buckle when it is 
not sufficiently straight or guided.  
 
Fig. 1- 2 Three stages of colonoscope advancement through the angulation of the sigmoid colon 
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Fig. 1- 3 Sigmoid colon deformation induced by the scope shaft  
 
 
Fig. 1- 4 The structure of colonoscope insertion tube 
 To perform screening and therapeutic manipulations by the colonoscope, the 
insertion tube of the colonoscope contains many internal components. Fig. 1- 4  (Y.K. 
Chen & M.E. Powis. (2002)) illustrates the internal structure of the insertion tube of the 
colonoscope, it includes one or two instrument channel(s), one or two light guide bundles 
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(incoherent fiber optic), an air channel, a water channel, either an image guide bundle 
(coherent fiber optic) or a CCD chip with wire connections, and angulation wires.  Due to 
the space required for the internal components of the colonoscope, a standard 
colonoscope (SDC) whose outer diameter is 12.8mm has been used for a very long time. 
Recently, small-caliber (SC) colonoscopes including 9.2mm ultrathin colonoscope (UTC) 
and 11.3mm pediatric colonoscope (PDC) have been developed ((Kozarek RA et al. 
(1989), Saifuddin T et al. (2000), Marshall JB et al. (2002), Park CH. Et al. (2006), 
Wehrmann T et al. (2008)). It is true that a SC colonoscope possess a more flexible shaft 
which may account for easier negotiation of the turn and angulation of the colon than the 
SDC. However, there are two reverse sides: (1) a SC colonoscope may cause a smaller 
contact area with the colon wall during interaction, (2) a more flexible shaft also means 
an easier buckling shaft. 
 
1.1.4 Randomized Controlled Trials 
To evaluate the efficacy of SC colonoscopes in reducing patient pain compared 
with that of SDC, several randomized controlled trials (RCTs) were conducted ((Marshall 
JB et al. (2002); Park CH et al. (2006); Farraye FA et al. (2004), Sato K (2013); Garborg 
KK et al. (2012); Tox U et al.  (2013); Chen PJ. et al. (2008)). Nevertheless, these RCTs 
showed varying results, with some showed benefits with the use of SC colonoscopes 
whereas others did not. Among these RCTs, the characteristics of patients (gender, age 
and region) recruited were varied. Marshall JB et al. (2002) and Farraye FA et al. (2004) 
conducted the trials for female patients and the results showed the reduction of patient 
pain with the use of SC colonoscopes.  The study conducted by Garborg KK et al. (2012) 
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for patients (43% female) also showed lower pain scores in the SC colonoscope group 
compared with the standard group. The studies from Saifuddin T et al. (2000) and 
Nemoto, D et al. (2017) showed the potential benefit of the ultrathin colonoscope in older 
patients. Sato K. et al. (2013) compared the efficiency of an ultrathin colonoscope with a 
SDC in female and male Japanese patients. The result suggested that the use of the SC 
colonoscope reduced pain in females while offering no advantage over a standard 
colonoscopy in male patients. However, the SC colonoscope used in this study was 
equipped with the design of passive bending and high force transmission. Contrary to the 
result in Sato K et al (2013), Luo DJ et al (2012) investigated the patient discomfort 
introduced by an ultrathin and a standard colonoscope for Chinese patients during a 
colonoscopy and found that the mean patient pain score was similar. The trial conducted 
by Chen PJ. et al. (2008) also showed no advantage with the use of PDC in reducing 
patient discomfort compared with the SDC. Based on above findings, an assumption was 
made, i.e, the efficacy of the SC colonoscopes in reducing patient pain may be affected 
by the patient characteristics in terms of gender, age and region. However, whether such 
an assumption is reasonable is still unclear due to many disturbing factors. Generally, 
these disturbing factors can be classified into 3 aspects: 1) the insufflation methods (air, 
water, CO2 immersion, and water exchange), which have been reported to be able to 
affect the outcome, were varied among RCTs (Jia, Hui. Et al. (2017), Hsieh, Y. H et al. 
(2017) and Kim, Sy et al. (2017)); 2) apart from a smaller diameter shaft, the SC 
colonoscopes used in some RCTs were also equipped with some new technical features, 
including a high force transmission shaft, a variable stiffness shaft or a passive bending. 
These have been proved to be helpful in reducing patient pain through researches 
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(Rajagopalan, R et al. (2013); Pasternak et al. (2017)); 3) The endoscopists were not 
blinded to the colonoscope, thus, their skills may largely affect the result. Usually, the 
last disturbing factor exists in all RCTs and could not be avoided. Such s limitation 
makes it difficult to investigate the influence of patient characteristics on the performance 
of SC colonoscopes in terms of reducing patient pain through RCTs. 
 
1.2 Research Motivation 
To explore the influence of gender, age, and region of patients on the efficacy of 
SC colonoscopes in reducing patient pain, a numerical model could provide such insight 
is developed in our work. Finite element modeling is employed to simulate the insertion 
of the colonoscope in colon models. Patient pain is predicted through comparing the 
colon deformation during the insertion simulation. Such a model could also overcome the 
limitation of RCT, i.e. the skill of endoscopist. 
 
1.3 Scope 
The model developed in this research aims to simulate the insertion process of 
colonoscopes in colon models. Patient pain induced by the colonoscope is predicted and 
compared based on colon deformation during the insertion simulation. To account for the 
anatomic difference for human colon in terms of gender, age and region, 3 different colon 
segments with different angles, curvatures, diameters and contact friction coefficients 
were modelled. At the same time, three different diameters for colonoscopes, including 
12.8 mm for SDC, 11.3mm for PDC, and 9.2mm for UTC were used. The experiment 
was carried out to determine the experimental response of a porcine colon under tensile 
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loading. An optimized procedure with the use of the ANSYS and Optislang programs 
was developed to provide the essential hyperelastic parameters for colon tissue material 
model. 
The thesis is arranged as follows: Chapter II covers a literature review on the 
anatomical differences of human colon in terms of gender, age and region, the selection 
of FEM solver and constitutive modelling of colon tissue; Chapter III describes the 
methodology used for conducting the insertion simulation. The experimental set-up and 
parameters optimization procedures which provide the essential parameters for Chapter 
III is presented in Chapter IV. All the results are presented in Chapter V. Conclusions are 
reached and future recommendations of this research are offered in Chapter VI.  
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CHAPTER II   
REVIEW OF LITERATURE 
The purpose of this chapter is to provide a basis for this study by reviewing 
literature that is pertinent to the goals and objectives of this research. The topics of 
literature reviews are previous work about the modeling of the interaction between colon 
and colonoscope, the anatomic characteristics of human colons considering effects of 
age, region and gender, the comparison between implicit and explicit FEM solution 
method, and the constitutive modelling of colon tissue. 
 
2.1 Previous Work 
By doing literature reviews, two studies conducted by Jung, H et al. (2012) 
And W B Chen et al. (2013) focused on modeling the interaction between colon and 
colonoscope during a colonoscopy. Jung, H et al. (2012) proposed a novel simulation 
framework for real‐time deformation of the colon and colonoscope, using a skeleton‐
driven deformation method. Cylindrical lattices and a center‐line were employed as the 
skeletons, and a mass‐spring model was applied to the skeletons for the mechanics‐based 
simulation. The center‐line‐based collision detection and resolution algorithm was 
proposed to simulate the interaction between the colon and endoscope. A haptic 
rendering algorithm using the energy method was proposed to produce feedback force, 
based on physical interaction between the colon and colonoscope. Such a method could 
provide real time deformation of the colonic tissue induced by the colonoscope during a 
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colonoscopy. However, only elastic or viscoelastic properties of the colon tissue can be 
characterized with the use of mass-spring model, which limited the accuracy of 
simulation results. In the research conducted by W B Chen et al. (2013), contact force 
computation was formulated into a linear complementarity problem (LCP) by linearizing 
Signorini's problem, which was adapted into non-interpenetration with unilateral 
constraints. Frictional force was computed by the mechanical compliance of implicit 
finite element method (FEM) models with the consideration of dynamic friction between 
the colonoscope and the intestinal wall. Furthermore, a mathematical model of the 
elongation of the colon that predicts the motion of scope relative to the intestinal wall in 
colonoscopy was presented. Such a method could provide real time shape of the 
colonoscope. Nevertheless, the colon was modelled as an elastic Timoshenko hollow 
cylinder and the deformation of colon induced by the colonoscope was considered to 
uniformly distribute along the circumferential direction when doing calculation, which 
limited the accuracy of simulation results. 
 
2.2 Anatomic Characteristics of Human Colons 
As for the gender based structural difference for the human large intestine. 
Saunders et al. (1996) investigated the colonic length and mobility for female and male 
colon. The experiments were independently taken by two physicians who were unaware 
of each patient's gender and the results showed that although there were no significant 
differences in rectum plus sigmoid, descending, or ascending plus cecum segmental 
lengths, women had longer transverse colons. At the same time, there were no differences 
in mobility of the descending colon and transverse colon between the sexes, but the 
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transverse colon reached the true pelvis more often in women than in men. Rowland, R et 
al. (1999), Streett, S (2007 and Todd N Witte, & Robert Enns. 2007 studied the issue of 
sex differences contributing to colonoscopy difficulty and found that apart from the 
longer transverse colon, the female has deeper pelvis than male, which creates the 
potential for lower retroperitoneal ﬁxation of descending colon in the pelvis.  
The anatomic difference related to age for the human colon have been conducted 
for many clinical researches (Nivatvougs, S et al. 1982; Ravi J et al.1988; Waye, & 
Bashkoff. 1991; Saunders et al. 1996; Schmidt CM et al. 1994; Church JM et al. 1994). It 
was reported that older female patients were suffered from more diverticular diseases 
than young patients before doing colonoscopies. As a result, those older patients were 
prone to have a fixed, and angulated sigmoid colon due to prior pelvic surgeries. Also, 
the diverticular diseases are responsible for bowel obstruction, which may in turn 
increase the contact friction between the internal surface of colon and colonoscope during 
colonoscopy. 
Watters, D et al. (1985) examined the mechanical properties of large intestine 
taken from European and African subjects and found that the average internal diameter of 
colons for European are 23mm and 36mm for African. Such difference could represent 
the region induced structural difference for human colon. 
 
2.3 Finite Element Solution Method 
Finite element software employs numerical integration methods for the solution of 
partial differential equations. The Numerical solution schemes are often classified as 
being implicit or explicit. These two methods have their own applicability and 
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advantages in terms of computational cost, accuracy and stability to a particular problem. 
Therefore, it’s critical to select a suitable finite element solution method for the problem 
before doing the simulation. 
The primary differences between implicit and explicit method are different time 
integration methods and solution methods they are using. Among numerical integration 
methods, the implicit method applies Newmark time integration method while explicit 
method uses central difference time integration method. As for the implicit nonlinear 
dynamics solutions, the Newton-Raphson solution method is employed to update the 
effective stiffness matrix. The following section thoroughly demonstrates and compare 
the attributes of both implicit and explicit method, summarized from Cook, R. D et al 
(1981), Fagan (1992), Bathe, K. J (1982), the Abaqus Theory Manual (Abaqus, 2011), 
Theoretical Manual (LS-DYNA, 2013), Advanced Analysis Techniques Guide (ANSYS, 
2009) and Rust, W &Schweizerhof, K. (2003).  
 
2.3.1. Introduction to Implicit Finite Element Solution Method 
For linear structural dynamics systems, the internal load is linearly proportional to 
the nodal displacement, and the structural stiffness matrix remains constant, the spatial 
discretization of the structure leads to the governing equilibrium equation of structural 
dynamics, and can be expressed as (2.1) 
        [ ] [ ] [ ]M U D U K U F    (2.1)   
Where 
[M]= Mass Matrix; [ ]D = Damping Matrix; [ ]K = Stiffness Matrix 
 F = Force Vector 
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 U = Column Matrix of Displacements corresponding to Force Vector 
 U = Velocity Vector 
 U = Acceleration Vector 
The Newmark method expressed the velocities and displacements at the end of a 
time increment t in terms of the known parameters at the beginning and the unknown 
acceleration at the end of the time step as (2.2) and (2.3):  
 
1 1 1 1[ ]{ } [ ]{ } [ ]{ } { }i i i iM U D U K U F       
(2.2)   
 
2
1 1
1
( )
2
i i i i iU U U t U U t  
 
       
 
 (2.3)   
Where 
 and  are numerical integration parameters 
1i it t t    
,  ,  i i iU U U   Displacement, Velocity and Acceleration at time ti 
1 1 1,  ,  i i iU U U     Displacement, Velocity and Acceleration at time ti+t 
In solving the displacement, velocity and acceleration at time ti+t, the 
equilibrium equation (2.1) can be rewritten as: 
 
1 1 1 1
[ ]{ } [ ]{ } [ ]{ } { }
i i i i
M U D U K U F
   
    (2.4)   
By making use of the three algebraic equations given in (2.2) through(2.4), a 
single time integrator in terms of the unknown displacement Ui+1 at time ti+t and the 
three known quantities Ui, iU  and iU  can be expressed as: 
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0 1 1
1 0 2 3 1 4 5
( [ ] [ ] [ ])
[ ]( ) [C]( )
i
i i i i i
a M a C K U
F M a U a U a U a U a U a U


 
      
 
(2.5)   
Where 
0 2
1
a
t


; 
1a
t




; 
2
1
a
t


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First, the unknown displacement Ui+1 at time ti+t is calculated using Equation 
(2.5). Then, two unknowns 
1iU   and 1iU   are computed by using the following equations: 
 
1 1 1 4 5( )i i i i iU a U U a U a U      
(2.6)   
 
Matrix 0 1( [ ] [ ] [ ])a M a C K   in equation (2.5) is generally referred to as the  
effective stiffness matrix [ ]effK . 
 
0 1 1[ ] ( [ ] [ ] [ ])
eff
iK a M a C K U     
 
For linear cases, the effective stiffness matrix remains constant in all the 
computational steps unless the time step is changed.  The parameter  and   determine 
the integration accuracy and stability. When α=1/2 and β= 1/4, equation (2.6) and (2.7) 
correspond to constant average acceleration method (Zienkiewicz, O. C. 1977). The 
method is implicit and unconditionally stable.  
 
Nonlinear Structural Case 
For a nonlinear analysis, the internal load is no longer linearly proportional to the 
nodal displacement, and the effective stiffness changes at every time step and is 
 
1 0 1 2 3( )i i i i iU a U U a U a U      
(2.7)   
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displacement dependent. Most commercial finite element software employs the Newton 
Raphson solution method, along with implicit Newmark time integration methods to 
provide solution for nonlinear structural problems.   
Instead of Equation (2.1), the governing equilibrium equation for nonlinear 
structural problem should be written as Equation (2.8) : 
        [ ] [ ] i aM U D U F F    (2.8)  
Where 
 iF =Internal Force vector 
 aF = External Applied Boundary Conditions and/or Force vector 
The Newmark time integration method assumes that at the time ti+t, the equation 
of motion given in (2.9) can be rewritten as: 
    1 1 1 1 1[ ] [ ] { ({ })} { }i ai i i i iM U D U F U F        (2.9)   
Where  
 1 1({ })ii iF U   represents that the internal force at time ti+t is dependent on the 
displacement Ui+1. 
 1iU   and  1iU   can be updated using Newmark time integration algorithms as 
given in Equations (2.6) and (2.7) 
By introducing the residual vector 1 1{ ({ })}i iR U  , Equation (2.9) can be written 
as: 
    1 1 1 1 1 1 1{ ({ })} { } { ({ })} [ ] [ ]a ii i i i i i iR U F F U M U D U           (2.10)   
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In general, for non-linear problems, At the end of each increment, the structure of 
the non-linear geometries, materials, constitutive laws and/or boundary conditions may 
have changed and therefore equation (2.9) must be updated to represent this. After each 
increment of an implicit analysis, the analysis performs Newton-Raphson iterations from 
time ti to ti+t to solve for all nodal displacements Ui+1 to enforce equilibrium of the 
internal structure forces with the externally applied boundary conditions and/or loads. a 
linearized form of the time integration operator can be obtained by the Newton-Raphson 
method, such that for the thk  iteration: 
Where: 
1{ }
k
iU  = the estimate of 1{ }iU   at the 
thk iteration 
 1kiU  =the displacement increment of 1{ }iU  at the thk iteration 
The following equation can be obtained by substituting Equation (2.10) into 
Equation (2.11): 
Where 
0 2
1
a
t


 
1a
t




 
1 1[ ({U })]
k k
i iK   = the tangent stiffness matrix at time ti+t 
0 1 1 1[( [ ] [ ] [ ({U })]
k k
i ia M a C K    = effective stiffness matrix 
 
 
 
   1 11 1 1
1
({ })
({ }) 0
k
i ik k
i i ik
i
R U
R U U
U
 
  


  

 
(2.11)   
    0 1 1 1 1 1 1( [ ] [D] [ ({U })] ({ })k k k ki i i i ia M a K U R U           (2.12)   
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Equation (2.12) must be solved for each iteration for the change in incremental 
displacements,  1kiU  ,  In order to solve for  1kiU  , the effective stiffness matrix 
must be inverted. 
The accuracy of the solution is also dictated by the convergence criterion where 
the updated value for 1 1{ ({ })}i iR U   must be less than a tolerance value. Complications 
can arise in an analysis that has a highly non-linear stress-strain response or where there 
is contact and sliding between two surfaces. In such cases many iterations are usually 
needed to solve for an increment leading to progressively smaller time steps being used. 
If large nonlinearities are encountered, convergence may be impossible to achieve in 
practical terms. 
 
2.3.2. Introduction to Explicit Finite Element Solution Method 
The explicit procedure is based on the implementation of an explicit integration 
rule along with the use of diagonal element mass matrices. The equation of motion for the 
body is integrated using an explicit central difference integration rule: 
 
Which include the states at time t, ti+t, and ti-t.  
 
Linear Structural Case 
 
1 12
1
( 2 )i i i iU U U U
t
   

 
(2.13)   
 
1 1
1
( )
2
i i iU U U
t
  

 
(2.14)   
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For the linear dynamic structural problem, the governing equilibrium equation at 
time t i can be expressed as: 
Substitutes (2.13) and (2.14) into (2.16) and we can have: 
 
From (2.16), displacement {Ui+1} at time ti+t is determined by displacement 
{Ui} at time ti. Also, there is no stiffness matrix of complete assemblage needs to be 
inverted and only matrix multiplications are required.  
However, the effectiveness of the central difference method depends on efficient 
performance of each time step solution. Equation (2.16) demonstrates that the smaller the 
value of the time increment t, the more accurate the solution. As a result, a large amount 
of time steps usually are needed. 
 
Nonlinear Structural Case 
For nonlinear problem, the equation of motion at time ti can be expressed as: 
Where  
 ({ })ii iF U =Internal force 
( )i N hg contact
V
F dV F F      
 [ ]{ } [ ]{ } [ ]{ } { }i i i iM U D U K U F    
(2.15)   
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i i
M D U
t t
F U
t t t

 
    
   
           
 
(2.16)   
        [ ] [ ] ({ })i ai i i i iM U D U F U F    (2.17)   
20 
 
V is the current volume of the model. 
σ(x) is the stress at a point currently located at position x . 
( )N x  is the strain rate-displacement rate transformation defined from the 
interpolation assumption in the element  N Nu  . 
hgF is the hourglass force 
contactF is the contact force 
Therefore, the accelerations are computed directly at time ti as:         
For the nonlinearities, the equation (2.18)  are uncoupled, and can be solved 
directly (explicitly) without any iteration and the stiffness matrix [K] does not need to be 
inverted. All the nonlinearities (including contact) are included in the internal force 
vector. The major computational expense is in calculating internal forces, and CPU cost 
is approximately proportional to the size of the finite element model and does not change 
as dramatically as it does in the implicit method. 
 
2.3.3. Selection of Finite Element Solution Method  
       The Research conducted W B Chen et al. (2013) showed that the interaction 
between colon and colonoscope during colonoscopy are multi-body non-interpenetration 
contact problem. Also, the deformation of colon shows nonlinear properties. Explicit 
finite element solution methods are more efficient at handling large numbers of contacts 
than implicit methods, as an explicit solver solves for the solution directly and it does not 
require multiple iterations and inversion of stiffness matrix. For this reason, the choice of 
an explicit solver was deemed appropriate. Additionally, previous similar studies of the 
        [ ] ({ }) [ ]a ii i i i iM U F F U D U    (2.18)   
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insertion simulation of a guidewire inside the artery used an explicit code (Kalaji, A et al. 
(2013); Duménil, A. et al. (2013); J. Gindre, A et al. (2015)) 
Therefore, in this research, the explicit finite element solution method is selected. 
The insertion procedures of colonoscopes inside the colon model were performed using 
the ANSYS LS-DYNA Explicit 17.0 ﬁnite element solver on a Dell laptop equipped with 
one 4-core Intel® i7-4600U CPU (2.10GHz) processor. 
 
2.4 Constitutive Modelling of Colon Tissue 
To compare and predict the patient pain induced by the colonoscope, an accurate 
modelling of colon deformation is required. Colon is a thin-walled tubular like soft tissue, 
which mainly subjects to the tensile force by the colonoscope during colonoscopy. Many 
investigations have focused on gaining insight into the mechanical response of the colon 
tissue under tensile loading (Egorov. et al. 2002; Carniel, E. L., et al. 2014; Christensen, 
M. et al. 2015; Massalou, Masson. et al. 2016). When subjected to small deformations 
(less than 2–5%), the mechanical behaviour of colonic tissue can generally be modelled 
adequately using conventional linear elasticity. However, under large deformations, 
colonic tissue exhibits highly nonlinear elastic behaviour due to rearrangements and 
reorientation of fibre directions and therefore a linear elastic model does not accurately 
describe its material behaviour. The theory of nonlinear elasticity using hyperelastic 
models describes the elastic nonlinear tissue response under large strains more accurately 
in comparison with the linear elasticity theory. 
Although colonic tissues also possess visco-elastic behaviour and could not be 
considered as pure hyperelastic, an assumption of hyperelasticity allows a reasonable 
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estimation of the mechanical properties and it’s suitable for characterizing the 
deformation of colon when the loss of strain energy is small due to the low loading rate 
of the colonoscope during a colonoscopy. Also, it is well established in the literature that 
non-linear hyperelastic isotropic material models are a good compromise between 
physical reality and computational efficiency when dealing with human-body soft tissue 
(Ní Ghriallais, R. &M. Bruzzi 2014). 
The hyperelastic approach postulates an existence of the strain energy function 
(scalar function per unit reference volume) W , which relates the displacement of the 
tissue to the corresponding stress values. The strain energy function has a meaning of the 
energy stored by a system undergoing deformation. When the load is removed, strain 
energy is gradually released as the system returns to its original shape. 
For homogeneous material, the strain energy function is a function only of the 
deformation gradient F defined as: 
 
x
F
X



 (2.19)  
Where 
 x denotes a point in the current configuration 
X denotes a point in the reference configuration 
The right Cauchy-Green deformation tensor C is a measure of the strain the body 
experiences and is defined as  
 TC F F  (2.20)  
For isotropic materials, the strain energy function W=W(F) is a function of 
invariants W=W (I1, I2, I3), which are defined as: 
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2 2 2
1 1 2 3( )I trace C        
2 2 2 2 2 2 2 2
2 1 1 2 1 3 2 3
1
( ( ))
2
I I trace C            
2 2 2
3 1 2 3det( )I C      
(2.21)  
1 , 2  and 3 are the principal stretches of the deformation and often called the 
principal stretch ratios. Colonic tissue is also incompressible, which means the volume of 
the material remains constant during deformation. For incompressible materials, 
2 2 2
1 2 3det( ) 1C      and the strain energy function is, therefore, a function of only two 
invariants 1 2(I , I )W W . 
There are several forms of strain energy potentials available in ANSYS to model 
approximately incompressible isotropic hyperelastic materials including the neo-
Hookean, Arruda-Boyce, Gent, Mooney-Rivlin, Ogden, polynominal, Yeoh and Ogden 
forms. Among these forms, Polynomial forms of the strain energy functions are the most 
popular in the constitutive modelling of biological tissues because of their simplicity and, 
therefore, calculation efficiency (Wex C. et al. 2015). The polynomial forms of the strain 
energy function include Neo-Hookean model, Mooney-Rivlin model, Ogden model and 
Yeoh model. In our work, a three-parameter Mooney-Rivlin model is selected to model 
the deformation of colonic wall due to the stretching of the colonoscope. 
The strain energy for such a model is defined as: 
 
2
10 1 01 2 11 1 2
1
( 3) ( 3) C ( 3)( 3) (J 1)W C I C I I I
d
          
(2.22)   
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Where C10, C01, and C11 are the material stiffness constants corresponding to the 
elastic modulus in a linear material.  d=2/k. where K is the bulk modulus. 
J=det(F)=λ1λ2λ3.  For an incompressible material, J = 1.  
Therefore, for incompressible material, W can be modified as  
 
10 1 01 2 11 1 2( 3) ( 3) C ( 3)( 3)W C I C I I I        (2.23)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
25 
 
 
CHAPTER III   
INSERTION SIMULATION 
 
3.1 Geometry and Mesh 
To account for the structural differences between the human colon in terms of 
gender, age and region, three segments of the human colon were selected and modeled: 
rectosigmoid junction (RSJ), rectum-splenic flexure segment (RSF) and transverse 
hepatic flexure segment (THF) models.  
As an elementary study, based on the studies about colon anatomy from Whitmer 
et al. 2007, the idealized colon model was assumed as a thin-walled tube with uniform 
thickness and internal diameter in this work. The normalized lengths of descending and 
ascending colon are 10 cm, which were derived from Whitmer et al. (2007). The splenic 
and hepatic flexure were modelled as an arc with radius (R) equals to 5cm.  
The average length of the centerline of a rectosigmoid junction (RSJ) is 15cm 
(Welch, C.R et al. (2016)). To study the ability of scope negotiating rectosigmoid 
junction, the idealized centerline of RSJ was deﬁned by an arc of 180° with radius R=5 
cm and 4cm straight section in the beginning of arc to model the rectum as shown in Fig. 
3- 1. 
As for RSF model, it is reported that the rectum and the descending colon lies 
approximately 20 cm apart from the research of Loeve, A et al. (2013). To account for 
change of the position of the fixation of the sigmoid-descending junction induced by 
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gender of the human, 20cm straight line with α=0°, 30° and 45° as shown in Fig. 3- 2 
was selected to model the centreline of straightened sigmoid colon, respectively. 
As for THF model, the transverse colon has a typical triangular configuration and 
is enveloped by the transverse mesocolon peritoneum. The degree of droop of the 
transverse colon towards the pelvis accounts for the variable bowel length, and influences 
the acuteness of the hepatic flexure bend. It is reported that for persons of normal body 
mass index, abdominal diameter should be under 25 cm (Ribarren et al. (2006)). At the 
same time, the mean abdominal wall thickness is 22 mm (Balaguru, D. et al. (2011)). 
Therefore, the straight distance between splenic and hepatic flexure was selected as 20 
centimeters. An angle   was equipped with 0°, 30° and 45° to account for the change of 
curvature and length of the transvers colon as shown in Fig. 3- 3. 
To study the influence of colon diameter (human colon size) on scope’s 
behaviour, two different colon internal diameters: 23 mm for European patients and 
36mm for African patients were selected and modelled for RSJ model. 
 
Fig. 3- 1 Spline used for Rectosigmoid Junction Model (RSJ) 
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Fig. 3- 2 Spline used for Rectum-Splenic Flexure Model(RSF) 
 
 
Fig. 3- 3 Spline used for Transverse –Hepatic Flexure Model (THF) 
All colon models were meshed with Discrete Kirchhoff Triangular (DKT) 
triangular shell elements, whose characteristic size was 3mm as shown in Fig. 3- 4. The 
colonoscope was modelled as a cylinder with a hemisphere tip and meshed with 8 nodes 
brick element as shown in Error! Reference source not found.. Three different diameters 
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(13.3 mm SDC, 11.1mm PDC and 9.2 mm UTC) with length of 30cm for insertion 
simulation in RSJ model ,70 cm in RSF model, and 50cm in THF model were studied. 
Number of meshed nodes and elements for colon and colonoscope were summarized in 
Table 3- 1. Number of elements and nodes for Colon Models were summarized in Table 3- 2.  
Table 3- 1 Number of elements and nodes for Colon Models 
Model RSJ 
D=23mm  
RSJ  
D=36mm 
RSF  
α=0° 
RSF 
α=30°  
RSF  
α=45° 
THF  
β=0° 
THF 
β=30° 
THF 
β=45° 
Number of nodes  
2064 
 
2792 
 
6632 
 
7208 
 
8717 
 
4086 
 
5324 
 
5977 
Number of 
elements 
 
4076 
 
5504 
 
13188 
 
15674 
 
17361 
 
7832 
 
9902 
 
1115 
 
Table 3- 2 Number of elements and nodes for Colonoscope Models 
  UTC PDC SDC 
 
Number of nodes 
RSJ 4983 5145 12231 
RSF 11410 14996 25025 
THF 8208 8975 18975 
 
Number of elements 
RSJ 3750 3942 10650 
RSF 8775 12025 22032 
THF 6250 6921 17781 
 
 
3.2 Material Properties 
Since the mechanical stretch of colon induced by the colonoscope during the 
insertion process is mainly along its longitudinal direction, we chose to characterize the 
longitudinal behaviour of the colonic wall using the isotropic and incompressible three 
parameter-Mooney Rivlin hyperelastic model. The optimized material parameters for C10, 
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C01 and C11 are 652.01Pa, 42835.25Pa and 219120.3Pa, which were identified through 
an optimization procedure shown in CHAPTER IV . A density of 
31040 /kg m  was 
applied for the colonic tissue (ICRU, 1992b). 
As for the properties of the Colonoscope, the complex and sensitive internal 
components of colonoscope make it difficult to obtain the mechanical properties 
(Young’s modulus) from stress-strain relationship like colon through tensile test. 
Therefore, the Young’s modulus of colonoscope used for simulation in this paper was 
extracted from the flexural rigidity (EI) through 3-point bending test Conducted by Wu 
Bing et al. (2015). As a result, a linear elastic material model was applied for the 
colonoscope model with a Young’s Modulus of E = 16MPa, a density of ρ = 2944 kg/m3 
(Van Dam et al.2006), and a Poisson’s ratio of ν = 0.3. 
 
3.3 Boundary Conditions  
The boundary constraints for colon and colonoscope are shown in Fig. 3- 4. The 
edge nodes at each end of the colon models and all the nodes comprising the rectum, 
descending colon, splenic flexure, hepatic flexure and ascending colon sections were 
fixed, which are marked with red line.  
To prevent the buckling of the colonoscope before entering the colon model, a 
rigid sheath was introduced in our model. It is known that an experienced endoscopist 
always straighten the sigmoid and transverse colon by torqueing or pulling scope before 
pushing it to pass through the splenic and hepatic flexure to reduce the possibilities of 
loop formation (Loeve, A. et al. 2013). Therefore, there exists the dynamic relaxation of 
the colonoscope between the action of straightening sigmoid colon and reinsertion into 
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splenic flexure and hepatic flexure. To compare the colon deformation induced by the 
buckling shaft of the colonoscope when it negotiates the splenic and hepatic flexures. In 
our work, birth and death constrains were used to control both the lateral movement of 
sigmoid and transverse colon and the motion of scope to simulate such process. The input 
motion profile of insertion in RSJ, RSF and THF models as well as the birth and death 
constraining of the lateral movement of sigmoid and transverse colon in RSF and THF 
are shown in Fig. 3- 5. Also, such a birth and death Constraints could ensure the same 
straightening process and thus eliminating the disturbing factor, i.e., endoscopists’ skill.  
 
Fig. 3- 4 Mesh and Boundary conditions for the colonoscope insertion simulation 
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Fig. 3- 5 Input motion profile 
 
3.4 Quasi-Static Modelling 
The colonoscope was pushed into colon models by prescribing a ramp motion 
function with a constant velocity to the set of nodes located at their lower end as shown 
in Fig. 3- 4 and Fig. 3- 5. 
It is known that the colonoscopy is a quasi-static clinical process, hence, inertia 
effects have to be minimized throughout the solution. In principle, this can be achieved 
by applying any loads sufﬁciently slowly and smoothly that the kinetic energy in the 
structure remains negligibly small, but in reality, there are many details that have to be 
ﬁne tuned to actually achieve this aim. Based on the extensive guidance provided in the 
LS-DYNA manual (LS-DYNA, 2013), here, we use three ways to control our analysis: 
loading rate, integration time increment, and numerical damping.  
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First, the integration time increment should be as large as possible to reduce the 
number of increments to complete the simulation. However, explicit time integration is 
stable only if the Courant condition is satisﬁed as shown in (3.1), essentially, the time 
step should be limited such that a disturbance (stress wave) cannot travel further than the 
smallest characteristic element dimension in the mesh. 
where  
Δt is the time increment, f is the stability time step factor, h is the characteristic 
dimension of an element and c is the local material sound speed in an element.  
Second, Increase load rates could reduce the time scale of the simulation since 
fewer increments are needed to complete the job. Usually, it is recommended that the 
loading rate should be limited to be less than 1% of the wave speed of the material to 
avoid the collapse of the elements under high frequent collision (Abaqus, 2011). The 
speed of sound of the material is affected by two properties: the elastic properties and 
density. The relationship is described in equation (3.2). The wave speed for the 
colonoscope is around 75m/s. In our work, the insertion velocity of the colonoscope is 
selected as 60cm/s. 
Where 
sK  is a coefficient of stiffness, the isentropic bulk modulus  
 is the density. 
 
min
*
h
t f
c
 
   
 
 
(3.1)   
 
sKc

  
(3.2)   
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To ensure the quasi-static properties of the interaction between colon and 
colonoscope, a numerical contact damping was introduced in the model to dissipate 
vibration due to high push loading rate of the colonoscope. The amount of numerical 
damping should be as small as possible to avoid affecting the results of the simulation 
since the maximum stable time increment will be decreased with the increase of the 
contact damping (LS-DYNA, 2013). Therefore, in our work, the numerical contact 
damping coefficient was adjusted to make the time increment for the explicit simulation 
up to 7e-6s. The Table 3- 3 summarized the mean duration for the insertion simulation of 
UTC, PDC, and SDC in RSJ, RSF and THF models. 
Table 3- 3 Mean duration for the insertion simulation 
Colon RSJ RSF THF 
Colonoscope UTC PDC SDC UTC PDC SDC UTC PDC SDC 
Computation 
time (min) 
50 78 100 150 240 380 100 180 140 
 
At the same time, for both the colon and colonoscopes, we checked that the ratio 
of kinetic energy to the internal energy remain lower than 10% for most of time during all 
simulations, Fig. 3- 6, Fig. 3- 7 and Fig. 3- 8 demonstrates the comparison of kinetic 
energy and internal energy evolution of the insertion simulation of SDC in RSJ, RSF and 
THF model, respectively. Fig. 3- 9, Fig. 3- 10 and Fig. 3- 11 illustrates the ratio of kinetic 
energy to internal energy for colonoscope and colon during insertion simulation in RSJ, 
RSF and THF model, respectively. 
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Fig. 3- 6 Average kinetic energy and internal energy evolution for colon and SDC in RSJ model. 
 
Fig. 3- 7 Average kinetic energy and internal energy evolution for colon and SDC in RSF model. 
 
Fig. 3- 8 Average kinetic energy and internal energy evolution for colon and SDC in THF model. 
 
35 
 
 
Fig. 3- 9 Ratio of kinetic energy to internal energy for colonoscope and colon in RSJ model 
 
Fig. 3- 10 Ratio of kinetic energy to internal energy for colonoscope and colon in RSF model 
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Fig. 3- 11 Ratio of kinetic energy to internal energy for colonoscope and colon in THF model 
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CHAPTER IV   
MATERIAL PARAMETERS OPTIMIZATION 
 
4.1 Introduction  
From the mathematical point of view, the mechanical model of colon properties 
can be ﬁtted easily by using an integral function, and the parameters C10, C01 and C11 
defined in equation (2.22) were generally determined by adopting the trial-and-error or 
curve ﬁtting method based on the experimental data (J.A. Weiss et al. 2002). However, 
some conventional curve ﬁtting methods were sometimes not credible due to neglecting 
the natural property of the soft tissues (Z.W. Wang & C.Y. Tang.2009). Also, it’s not 
accurate to get the unknown parameters through the curve fitting with only tensile test 
data. (ANSYS, 2009). For those problems an inverse approach is suitable in which a 
simulation model is used that represents the real geometry, boundary conditions and the 
sequence of the measurement setup. The unknown parameters are than determined by an 
iterative approach by comparison between measurement and simulation data. This 
process is called inverse model calibration (Kunath, S., et al. (2015)). At present, the set 
of the most widely preferred techniques for the inverse identification of material 
parameters includes, among other tools, optimization methods based on the training of 
artificial neural networks (Lehký, D&Novák, D. 2013) Considering commercial 
computing systems, a very powerful instrument to perform inverse analysis currently 
appears to consist in the optiSLang program (optiSLang. 2014), which offers a robust 
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algorithm comprising a broad spectrum of optimization procedures suitable for the 
inverse identification of material parameters (Most, T. 2010, Hokeš, F. et al. 2016). 
In these paper, the parameters C10, C01 and C11 were identified through an 
optimization procedure with the use of ANSYS and Optislang programs. Numerical and 
experimental approaches were performed to realize such an optimization procedure. 
 
4.2 Experimental and Numerical Analysis 
4.2.1 Experimental Details 
A uniaxial tension test of porcine colon at a quasi-static loading rate of 1cm/min 
was conducted as shown in Fig. 4- 1 to find the raw load-displacement curve.  8 
Specimens from different parts of the porcine colon tissue were prepared. The 
dimensions of each sample were 10cm in length (length within the grippers) and 2.5cm in 
width. The mean force-displacement curve was shown in Fig. 4- 2, which shows highly 
nonlinear relationship. 
 
Fig. 4- 1 (a)Porcine colon. (b) Experimental set-up 
39 
 
 
Fig. 4- 2 Mean experimental force–displacement response of porcine colon 
 
4.2.2 Computational Model 
As the colon is almost an incompressible hyperelastic material, 4-node shell 
elements with the capability of modelling this material were used to construct a 3D FE 
model of the colon specimen as shown in Fig. 4- 3. When displacement load was applied 
onto the right surface, the total node reaction force i
simuF  in the left surface can be easily 
extracted through the signal processing after the FE program was executed. Based on the 
optimized results, the constitutive material parameters of the colon were inputted into the 
FE program. 
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Fig. 4- 3 FE model of the Colon specimen 
 
4.2.3 Optimization Objective Function 
Generally, the initial shear modulus (G) is given as 
 10 01G 2(C )C   (4.1)  
For incompressible materials under infinitesimal strain conditions  
0.5   
2 (1 )E G    
Therefore,   
10 01E 6(C )C                                                                                                                                           
The initial estimates of hyperelastic coefficients, C10 and C01, were determined by 
setting them equals to each other. From the experiment result, the mean value of young’s 
modulus for porcine colon tissue under strain (10%) is 0.36Mpa and 2.5Mpa under the 
strain before the fracture of the specimen (60%). therefore, the initial guess for three 
parameters was given at  
C10 =C01 =0.03Mpa; C11 =1.25Mpa 
The optimization objective function is written as  
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 Min (
2
1
1
( )
k
EXP SIMU
i i
i
e F F

  ) (4.2)  
s.t C10, C01 ϵ [0, 0.06Mpa], C11 ϵ [0, 2.5Mpa] 
Where k denotes the number of data samples, EXP
iF is the experimental value of 
tensile force for the ith sample, and SIMU
iF is the simulated data obtained from the 
ANSYS for the corresponding step, 1e  is the discrepancy between the calculated and the 
experimental data. 
 
4.3 Optimization Procedures and Results 
The optimization process in this work was carried out with the use of ANSYS 
Optislang software as shown in Fig. 4- 4. As a first step, three material parameters C10, 
C01 and C11 were selected as input parameters. The relationship between the reaction 
force SIMU
iF and displacement load derived from the numerical simulation inside ANSYS 
was saved in a binary solver file (file.rst). The Signal Processing is available in Optislang 
in ANSYS, which can read and parameterize the displacements and forces of simulation 
from the solver file as signal simulation. Meantime, the experimental force-displacement 
data were also parameterized as signal reference through Signal processing. From Fig. 4- 
4, noted that both signals did not have the same discretization. To calculate the objective 
difference between EXP
iF and 
SIMU
iF  from two signals, the abscissa from the Signal 
Reference was extracted and then interpolated to the abscissa of the Signal simulation. 
The initial objective difference between the simulation result based on initial guess of 
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parameters and the reference was calculated. From 0, it was noticed that the initial 
objective difference was 16.0315.  
 
Fig. 4- 4 Optimization process with the use of ANSYS Optislang program 
The optimization flow chart proposed by (Kunath, S., et al. (2015) inside 
Optislang was used in this work. It consists three steps: sensitivity analysis, global 
optimization using evolutionary algorithm and local optimization using simplex method. 
At first, all designs achieved through the sensitivity analysis were ranked from low to 
high in terms of the objective difference e1, and then top 10 best designs were selected 
and plotted as shown in Fig. 4- 5.  The next step was the conduction of a global 
optimization using an Evolutionary Algorithm with the 10 best designs of the sensitivity 
study as a start population. This improves the convergence of the optimization process 
significantly. As a result, a best design with 1 1.02e   was achieved.  Fig. 4- 6 showed the 
force-displacement curve of the best design derived from the evolutionary algorithm. The 
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best design was then used as a start design for a local optimization. For the local search, 
the Simplex method was used. Fig. 4- 7 showed the evolution of objective difference 
during the 38 iterations. The final optimized parameters are 652.01 Pa, 42.8 kPa, and 
219.1 kPa. for C10, C01 and C11 with 1 0.0845e  . The optimized result was plotted as a 
solid line as shown in Fig. 4- 8. It is noticed that there is good agreement between the 
simulated and experimental hyperelastic behaviour of the colon as represented by their 
force–displacement relations. Thus, it veriﬁed that the proposed optimization scheme for 
the parameters of Mooney–Rivlin model was reliable.  
 
Fig. 4- 5 Top 10 best designs from sensitivity analysis 
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Fig. 4- 6 Best design from global optimization using an Evolutionary Algorithm 
 
Fig. 4- 7 Evolution of objective difference along with the iteration 
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Fig. 4- 8 Optimized design from local optimization using simplex method 
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CHAPTER V   
SIMULATION RESULTS 
 
Based on the summary about the anatomic differences of the human colon in 
terms of age, region, and gender, the aged patients tend to have more fixed sigmoid 
angulation as well as higher contact friction during the interaction between colon and 
colonoscope during colonoscopy. One of the main structural differences for human colon 
in terms of region is internal colon diameter. Females tend to longer and deeper 
transverse colons and lower fixation of sigmoid-descending junction. Therefore, in our 
work, the effects of age and region on the efficiency of SC colonoscopes in reducing 
patient pain compared with that of SDC were predicted by comparing the colon 
deformation in RSJ model. As for the influence of gender, it was predicted by comparing 
the colon deformation in RSF and THF models. 
 
5.1 Influence of Age 
The influence of age on the efficacy of SC colonoscopes was predicted from two 
aspects: 1) Colon deformation induced by UTC, PDC, and SDC when negotiating the 
fixed recto-sigmoid junction; 2) The influence of contact friction coefficient on the 
behavior of UTC, PDC, and SDC in terms of colon deformation 
47 
 
 
Fig. 5- 1 Final colon deformation(cm) in RSJ (D=36 mm) 
 
 
Fig. 5- 2 Colon deformation in RSJ (D=36 mm) 
 
Fig. 5- 3 Three positions (a, b and c) of PDC in RSJ (D=36 mm) 
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Fig. 5- 1 and Fig. 5- 3 shows the final recto-sigmoid colon deformation and plots 
due to the insertion of UTC, PDC and SDC, respectively. It was noticed that SDC caused 
the maximum final colon deformation (3.82cm) compared to PDC (3.07cm) and 
UTC(2.39cm) when negotiating the fixed recto-sigmoid junction from Fig. 5- 1. It was 
also noticed that all curves show same trend and three special points existed in all curves 
as marked in Fig. 5- 2: point A, point B, and point C. Fig. 5- 3 shows three positions 
during the insertion process of a PDC in RSJ model: point a, point b, and point c. The 
insertion time of these three points corresponds to point A, point B, and point C in Fig. 5- 
3, respectively. Therefore, the following three aspects could be obtained: 1) point A 
corresponds to the maximum colon deformation when a colonosocpe negotiates the acute 
angulation of sigmoid colon; 2) point C corresponds to the maximum colon deformation 
when the colonoscope passes through the fixed constraining; 3) colon deformation at 
point C is always larger than that at point A. 
Based on the above analysis, for older patients, an SC colonoscope causes lower 
overall and maximum patient pain compared with SDC. 
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Fig. 5- 4 Colon deformation under different contact friction coefficients in RSJ 
 
 
Fig. 5- 5 Final colon deformation for different contact friction coefficient (u=0.05, 0.1) 
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As for the influence of contact friction coefficients on the performance of 
colonoscopes, three different contact friction coefficients (u), including 0, 0.05, and 0.1 
were selected and applied to the insertion simulation for UTC, PDC and SDC in RSF 
model. Fig. 5- 1, Fig. 5- 5 and Fig. 5- 4 shows the final colon deformation for u=0, 
u=0.05 and 0.l, and plots for all three contact friction coefficients. It was noticed that SC 
colonoscopes (UTC and PDC) caused less colon deformation (overall and maximum) 
compared with SDC under the same contact friction coefficient. At the same time, UTC 
and PDC were less sensitive to the increase of the contact friction than SDC in terms of 
the increase of colon deformation. 
Therefore, it could be predicted that SC colonoscopes are more effective in 
reducing patient pain for older patients compared with that of SDC since older patients 
tend to have more fixed angulations of the sigmoid colon as well as higher friction 
colons. 
 
5.2 Influence of region 
To account for regional difference, two different internal colon diameters (D), 
including 3.6cm for African patients, and 2.3cm for European patients were selected.  
Fig. 5- 6 and Fig. 5- 7shows final colon deformation and plots induced by UTC, PDC and 
SDC in RSJ (D=2.3 cm). Table 5- 1 and Table 5- 2summarizes colon deformation and 
relative differences with respect to SDC at point A and point C, respectively. Note that, 
compared with SDC, SC colonoscopes reduce more colon deformation at point A and C 
for RSJ model with D=2.3 cm than that with D=3.6 cm.  
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Therefore, it could be predicted that compared with African patients, small-caliber 
(SC) colonoscopes are more helpful in reducing patient pain for European patients due to 
smaller diameter colons.  
 
Fig. 5- 6 Colon deformation induced by UTC, PDC and SDC in RSJ (D=23 mm) 
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Fig. 5- 7 Deformation of colon (D=23mm and D=36mm) induced by UTC, PDC and SDC 
 
Table 5- 1 Colon deformation and relative difference at point A 
 UTC PDC SDC 
Colon internal diameter 
(mm) 
 
23 
 
36 
 
23 
 
36 
 
23 
 
36 
Colon deformation at point A (cm) 
 1.353 1.319 2.155 1.992 3.218 2.651 
Difference with respect to SDC (cm) 
 -1.865 -1.332 -1.063 -0.659 - - 
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Table 5- 2 Colon deformation and relative difference at point C 
 UTC PDC SDC 
Colon internal diameter 
(mm) 
23 36 23 36 23 36 
Colon deformation at point C (cm) 
 2.575 2.389 3.384 3.077 4.234 3.824 
Difference with respect to UTC (cm) 
 -1.659 -1.435 -0.85 -0.747 - - 
 
5.3 Influence of Gender  
5.3.1 Simulation results of RSF model 
One of main differences between the female and the male colon is that the deeper 
pelvis of women causes a lower location of the sigmoid-descending junction. In our 
study, such difference was simplified as the change of angle  as marked in Fig. 3- 2. 
Three different angles 0°, 30° and 45° were selected and simulated. Fig. 5- 8 shows the 
final colon deformation induced by an UTC, a PDC and a SDC during the insertion 
simulation inside RSF model. Table 5- 3 summarized differences of final sigmoid colon 
deformation induced by SC colonoscopes with respect to that induced by SDC for RSF 
model. It was notice that: compared with the colon deformation induced by SDC, for α= 
0°, UTC and PDC caused 1.32 cm and 0.98 cm more colon deformation, respectively; for 
α= 30°, UTC and PDC reduced 1.75 cm and 0.38 cm colon deformation, respectively; for 
α= 45°, UTC and PDC reduced 5.048 cm and 1.71cm colon deformation, respectively. 
The plots of the sigmoid colon deformation during whole insertion simulation for RSF 
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model when α is 0°, 30° and 45° as shown in Error! Reference source not found., 
Error! Reference source not found. and Error! Reference source not found., 
respectively. 
 
Fig. 5- 8 Final sigmoid colon deformation in RSF model 
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Table 5- 3 Differences of final sigmoid colon deformation induced by SC colonoscopes with 
respect to that induced by SDC for RSF model 
 
Differences with respect to SDC (cm) 
Angle α UTC PDC 
0 deg 1.32 0.98 
30 deg -1.75 -0.38 
45 deg -5.048 -1.71 
 
By setting the same scale for the y-axis that represents the sigmoid colon 
deformation in Fig. 5- 9, Fig. 5- 10 and Fig. 5- 11, the influence of angle α on the 
performance of UTC, PDC and SDC in terms of colon deformation could be compared.  
For α= 0°, SC colonoscopes (UTC and PDC) cause slightly more colon 
deformation during whole insertion simulation. For α= 30°, PDC and SDC show almost 
the same colon deformation and are larger than that of the UTC. For α=45°, SDC shows 
much more colon deformation than SC colonoscopes. Meanwhile, it can be observed that 
the difference of the sigmoid colon deformation induced between SC colonoscopes and 
SDC show positive correlation with angle  .  In addition, it was noticed that the final 
colon deformation represents the maximum colon deformation, and thus the maximum 
patient pain could be predicted by comparing the final colon deformation. 
In summary, it could be predicted that: (1) the position of fixation of the sigmoid-
descending junction has influence on the performance of SC colonoscopes in reducing 
patient pain. (2) SC colonoscopes are more effective in reducing both overall and 
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maximum patient pain for patients with lower fixation of the sigmoid-descending 
junction. 
 
Fig. 5- 9 Sigmoid colon deformation in RSF model (α= 0°) 
 
Fig. 5- 10 Sigmoid colon deformation in RSF model (α= 30°) 
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Fig. 5- 11 Sigmoid colon deformation in RSF model (α= 45°) 
 
5.3.2 Simulation results of THF model 
One of another difference between the female and the male colons is the length 
and curvature of the transverse colon. Women tend to have a longer and deeper 
transverse colon. Therefore, in our study, an angle   as shown in Fig. 3- 3 was 
introduced to represent the change of the length and curvature of the transverse colon. 
The insertion simulation for UTC, PDC and SDC in THF model with β=0°, 30° and 45° 
were simulated. The final transverse colon deformation is shown in Fig. 5- 12 while Fig. 
5- 13, Fig. 5- 14 and Fig. 5- 15 demonstrates the plots for transverse colon deformation 
during insertion simulation in THF model with β=0°, 30° and 45°, respectively. Table 5- 
4 summarized differences of final transverse colon deformation induced by SC 
colonoscopes with respect to that induced by SDC for THF model. 
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Fig. 5- 12 Final transverse colon deformation for THF model 
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Table 5- 4 Differences of final transverse colon deformation induced by SC colonoscopes with 
respect to that induced by SDC for THF model 
 
Difference with respect to SDC (cm) 
Angle β UTC PDC 
0 deg 0.37 1.30 
30 deg -1.67 0.12 
45 deg -4.85 -1.08 
 
Simulation results of THF model were similar with that of RSF model. For β=0°, 
UTC and PDC caused 0.37cm and 1.3cm more final transverse colon deformation than 
that caused by SDC.  For β=30°, PDC and SDC showed almost the same transverse colon 
deformation during most of the simulation time after the scope began to buckle, which 
are greater than UTC. For β=45°, SDC shows the maximum colon deformation and the 
reduction of final transverse colon deformation were 4.85 cm for UTC and 1.08 cm for 
PDC. Therefore, it can be predicted that: (1) the length and curvature of the transverse 
colon have influence on the performance of SC colonoscopes in reducing patient pain. (2) 
SC colonoscopes are more effective in reducing both patient pain for patients with longer 
and deeper transverse colons. 
In summary, the simulation results of RSF and THF models could be used to 
further predict the influence of gender of patients on performance efficiency of SC 
colonoscopes in reducing patient pain, i.e., SC colonoscopes (UTC and PDC) have no 
advantage in reducing patient pain for men ( RSF model with small  and THF model 
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with small ) while they are more helpful in reducing discomfort for female patients 
(RSF model with larger  and THF model with larger ).  
 
Fig. 5- 13 Transverse colon deformation in THF model (β=0°) 
 
Fig. 5- 14 Transverse colon deformation in THF model (β=30°) 
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Fig. 5- 15 Transverse colon deformation in THF model (β=45°) 
 
5.4 Simulation results of fixed THF model  
The simulation results of RSF and THF models validated the efficacy of SC 
colonoscopes in reducing patient pain for female patients since they cause less colon 
deformation when negotiating the splenic and hepatic flexure in RSF and THF models 
with larger angles compared with the SDC. However, it is known that the SC 
colonoscope have an easier buckling shaft than the SDC due to the smaller diameter, 
which may in turn limit the advancement of the colonoscope and causes more colon 
deformation. Therefore, a contact model between the buckled colonoscope and the colon 
is needed to provide reasonable insight for the simulation results inside RSF and THF 
models. 
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 Cheng, W. B., et al. (2012) proposed the insight for the interaction between the 
colonoscope and colon based on the behavior of oil-well drilling strings used in the 
petroleum industry. It was stated that drill strings are often in compression and have the 
tendency to buckle inside the well if the compressive load exceeds the critical threshold 
and colonoscope has the same tendency to be buckled when negotiating the splenic and 
hepatic flexure.  Also, many studies have been conducted to form the mathematical 
contact model between the post-buckled drill string and the rigid well (Hajianmaleki, & 
Daily. (2014), Gao, D., & Huang, W. (2015), Huang, Gao, & Wei. (2015)) and it was 
found that both the buckled length of the drill string and contact force between drill string 
and wellbore could affect the drilling performance. Based on this finding, two quantities, 
including the buckled length of the colonoscope and the contact force between the 
buckled scope and the colonic wall may have effect on the deformation of colon and 
should be investigated. However, unlike the buckling process of the drill string whose tip 
is relatively fixed, the tip of the colonoscope is flexible and keeping passing through the 
splenic and hepatic flexure. Also, the shapes of the oil-well are quite simple, including a 
horizontal, an inclined or a curved with constant curvature. Above two aspects make it 
difficult to derive the mathematical contact model between colonoscope and colon for the 
RSF or THF model from available drill sting -oil well contact models. 
Therefore, in this work, a numerical model which simulated the insertion process 
of colonoscopes in the fixed THF model was developed, the buckling behaviors of UTC, 
PDC and SDC and the contact force between the colonoscope and transverse colon 
segment were studied during the whole insertion simulation.  
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Fig. 5- 16 shows the final buckling shape of UTC, PDC and SDC due to the 
insertion in fixed THF model with β=0°, 30° and 45°. Since it is difficult to directly 
measure the buckled length of colonoscopes within the colon model, distal end 
displacements of colonoscopes were selected and investigated to further provide insight 
on the buckled length. It was clearly noticed that, for the insertion simulation in fixed 
THF model with β=0°, the distal end displacement of UTC is smaller than that for PDC 
and SDC due to easier buckling shaft. As result, it inferred that the buckled length of 
UTC was longer than that of PDC and SDC. However, for the insertion simulation in 
fixed THF model with β= 30° and 45°. The difference in terms of the distal end 
displacement is not obvious and thus it is difficult to predict the buckled length. 
Therefore, distal end displacements of colonoscopes in fixed THF model with β=0°, 30° 
and 45° during insertion simulation were extracted and shown in Fig. 5- 17, Fig. 5- 18 
and Fig. 5- 19, respectively. it was noticed that, in comparison to the buckled length of 
the SDC, SC colonoscopes tended to have longer buckled length. However, the 
discrepancy of the buckled length between SC colonoscopes and SDC decreased with the 
increase of angle β. 
The contact force during the insertion simulation in fixed THF model with β=0°, 
30° and 45° were plotted and shown in Fig. 5- 20, Fig. 5- 21 and Fig. 5- 22, respectively. 
Noted that the contact force induced by the buckled SC colonoscopes (UTC and PDC) 
are always less than that induced by the SDC. Also, the discrepancies of the contact force 
caused between SC colonoscopes and SDC increased with the increase of the angle  .  
Both the contact force and buckled length of the colonoscope can contribute to the 
deformation of the colon. However, based on simulation results in fixed THF model, 
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these two quantities for SC colonoscopes showed reverse change with the increase of 
angle  . Therefore, the combined effects of buckled length and contact force may 
account for the simulation results in RSF and THF models.  
 
Fig. 5- 16 Colonoscope buckling shape for fixed THF model 
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Fig. 5- 17 Colonoscope distal end displacement in fixed THF model (β= 0°) 
 
 
Fig. 5- 18 Colonoscope distal end displacement in fixed THF model (β= 30°) 
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Fig. 5- 19 Colonoscope distal end displacement in fixed THF model (β= 45°) 
 
 
Fig. 5- 20 Contact force in fixed THF model (β=0°) 
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Fig. 5- 21 Contact force in fixed THF model (β= 30°) 
 
 
Fig. 5- 22 Contact force in fixed THF model (β= 45°) 
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CHAPTER VI   
CONCLUSIONS AND FUTURE WORK 
 
6.1 Conclusions 
In this study, the insertion simulation of colonoscopes with different diameters in 
colon models considering the effects of gender, age and region of patients was 
successfully conducted with explicit FEM. A uniaxial tensile test was conducted to 
provide the experimental data of a porcine colon. Then the parameters of the constitutive 
material model of the colonic tissue were identified through an optimization procedure.  
Before doing the insertion simulation, the anatomical differences for human colon 
in terms of age, gender and region were analyzed and summarized. It was found that: (1) 
older patients are more likely to have fixed and acute angulation of sigmoid colon as well 
as higher contact friction than younger patients due to previous pelvic diseases; (2) 
females tend to have longer and deeper transverse colons and lower position of sigmoid-
descending junctions compared with males; (3) colon diameter is one of the main 
anatomical differences for the bowel of patients from different regions. These summaries 
were further used for developing colon models during the simulation stage. 
In the stage of insertion simulation, to represent the anatomic difference of 
patients in terms of age, a rectosigmoid junction (RSJ) model with different contact 
friction coefficients was developed.  To represent the anatomic difference of patients in 
terms of region, a rectosigmoid junction (RSJ) model with two different colon diameters 
was developed. To represent gender induced anatomic difference of patients, a rectum-
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splenic flexure segment (RSF) model with angle α=0°, 30° and 45° and a transverse-
hepatic flexure segment (THF) model with angle β= 0°, 30° and 45° were developed. The 
colonoscope was modeled as a slender cylinder with a hemisphere tip and 3 different 
shaft diameters were used (12.8mm SDC, 11.3mm PDC and 9.2mm UTC). The colon 
tissue was modeled as an isotropic homogenous 3 parameters mooney-rivlin hyperelastic 
material, and the colonoscope was modeled as an elastic material.  
Colon deformation during the insertion simulation within each colon model was 
investigated and compared. The results showed that, compared with the SDC: (1) a SC 
colonoscope (an UTC or an PDC) caused less colon deformation when negotiating the 
fixed rectosigmoid junction and was less sensitive to the increase of contact friction; (2) a 
SC colonoscope showed more reduction of colon deformation for the RSJ model with 
smaller internal diameter derived from European patients compared with African 
patients; (3) SC colonoscopes produced less colon deformation for RSF and THF model 
with the angle α, β= 45°. However, it didn’t show any obvious reduction of colon 
deformation for RSF model with α = 30°, and PDC even caused more colon deformation 
for THF model with β= 30°. As for RSF and THF models with α, β= 30°, it was noticed 
that SC colonoscopes caused slightly more colon deformation. In addition, an insertion 
simulation of the colonoscope within the fixed THF model was conducted to investigate 
the buckling behavior of the colonoscope and the contact force. Simulation results 
showed that SC colonoscopes buckled more easily and quickly than SDC, but the contact 
force between buckled SC colonoscopes were less than that of SDC and the differences in 
magnitude showed positive correlations with the angle  . Such a result may explain why 
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SC colonoscopes caused less colon deformation for RSF and THF models with larger 
angles   and   , respectively, even if they have easier buckling shafts.  
Based on corresponding simulation results, the influence of patient characteristics, 
including age, region and gender on the efficacy of SC colonoscopes in terms of reducing 
patient pain could be further predicted. Therefore, the following conclusions could be 
achieved, 33i.e, SC colonoscopes are more efficient in reducing patient pain for older 
patients, patients with smaller colon diameters and female patients. 
Such a numerical model developed in this thesis serves as the starting point in 
understanding the effects of age, region and gender of patients on the performance 
efficiency of SC colonoscopes in terms of reducing patient pain.  
6.2 Future Work 
The main limitations of this study are the followings: (1) we did not consider the 
anisotropic properties of colon tissue. Since the mechanical stretch of the colonic wall 
induced by a colonoscope is mainly along longitudinal direction, an isotropic, 
incompressible hyperelastic model was selected to model the tensile properties of colon 
tissue in our work. An anisotropic fiber-reinforced hyperelastic model would have led to 
more accurate characterizations of colonic tissue properties and could be applied in our 
future work.  (2) we did not consider the influence of age, region and gender on the 
material properties of the human colon. To include such influence in our model may lead 
to more accurate simulation results. Therefore, studying the differences of the material 
properties of the human colon with respect to age, gender and region will be one of my 
future work. (3) the model of a colonoscope did not include an active bending section.  
The angulation of active bending is controlled by endoscopist through control knobs and 
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cables and thus it couldn’t be simulated in our model.  However, the endoscopists’ skill 
has large influence on maneuvering the bending section. Excluding such bending section 
may also eliminate the disturbance of endoscopists’ experience existing in RCTs. (4) the 
validation process by designing corresponding experiment was lacked in our work. Since 
it is very difficult to measure the deformation of the colon through experiment, 
investigate contact force and distal end displacement of the colonoscope may be better 
choice based on idea from the insertion simulation in fixed THF model. 
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